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I 
The use of the light-time fraction in the flash cycle as a variable permits 
a  test of the nature of the visual flicker recognition contour, and helps to 
define the properties of the analytical elements which its investigation re- 
quires.  To be really meaningful, such use depends on the determination 
of F-log I  contours over as wide as possible a range of flash frequency and of 
flash intensity.  The information on this subject, for the human observer, 
has been fragmentary and superficially somewhat confused; discussions of 
the photochemical hypothesis of intensive discrimination (e.g., Hecht, 1937, 
1938) have usually avoided reference to such data, although their general 
significance is as direct and fundamental as are the data on the influence of 
temperature  (cf.  Crozier,  Wolf,  and  Zerrahn-Wolf,  1936-37 b,  c;  1938; 
1938-39;  Crozier,  1939;  Crozier  and  Wolf,  1938-393,  c;  1939a,  b; 
1940-41 a,  c). 
Reasonably complete F-log I  curves with differing proportions of light- 
time  (tL) to dark-time  (tD)  in the flash cycle, using demonstrably homo- 
geneous measurements, should be significant in several different ways:  (1) 
in establishing the non-specific direction of the shift in the general position 
of the curve; (2)  as a  test of the efficacy of the methods proposed for the 
analysis of the human F-log I  contour  (cf.  Crozier,  Wolf,  and  Zerrahn- 
Wolf, 1936-37  a; Crozier and Wolf, 1940-41  c); and thus (3) for the meas- 
urement of the dependence of the parameters of the underlying function on 
the percentage light-time; this cannot be done with data obtained at a single 
flash frequency or at one flash intensity, but requires use of the practically 
complete contour; and  (4),  for the study of the real nature of the lower 
branch of the human flicker curve, commonly presumed to represent quan- 
titatively the properties of retinal rods (cf.  Hecht, 1934,  1937).  This last 
point turns out to have a  number of especially interesting consequences; 
it is pursued further in the following paper (Crozier and Wolf, 1940-41  d). 
We  have  used  the  visual  discriminometer already  described  (Crozier 
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and Holway, 1938-39 a) for the production and control of interrupted light 
(cf.  Crozier and Wolf, 1940-41 c).  The outer of the two right-hand beams 
(cf. Crozier and Holway, 1938-39 a, Fig. 1) was brought to a focus by means 
of a  suitable lens beyond the mirror P,  in the plane of an accurately cut 
black metal sector-disc rotated by the gear-shaft system already described 
(Crozier and Wolf,  1940-41 c).  The additional feature of the present ex- 
periments lay in the use of a  series of the  sectored discs giving different 
proportions of light-time to dark-time in the flash cycle.  The disks had 
either six or eight open sectors,  and the dimensions and the optical prop- 
erties  of  the  system  were  such  that  sharp  and  complete cut-off of light 
was secured, even with tL  =  0.1  (tL  -t-  tD).  The series of disks provided 
tr. =  10, 25, 50, 75, and 90 per cent of the flash cycle time,  The design of 
the sectors and the driving gear system was chosen to give flash frequencies 
up to 80 flashes per second within the range of shaft speeds favorable to 
precise control by our magneto-millivoltmeter system (cf.  Crozier and Wolf, 
1939-40 b;  1940-41 c).  The size of the square field, centrally fixated, was 
the  same  as  that  used  for  the  preceding  paper  (Crozier  and  Wolf, 
1940-41 c); W.  J.  C.  served as observer,  and in fact the  (monocular, left 
eye)  data for tL  =  tV  already used form an integral part of the series  of 
measurements here considered.  For the present purpose only monocular 
observations  were  taken  (left  eye). 
The procedure, preliminary dark adaptation, and methods of calculation 
are reviewed in the preceding paper.  With  flash frequency F  fixed, flash 
intensity is slowly increased from a  level well below the fusion intensity, 
until the observer signals recognition of flicker.  The intensity critical for 
flicker is a  more reliable end-point than that for fusion.  The readings at 
each F  are taken in sets of 10, in rather rapid succession.  For each series of 
readings observations are begun after suitable preliminary dark adaptation 
(25 to 60 minutes, depending on the F  level), with lowest F  used first and 
higher values  in  succession. 
II 
Table I contains the data for the present discussion, with the exception of 
those for tr.  --  50 per cent; the latter are contained in Table I  of the pre- 
ceding paper  (Crozier and Wolf,  1940-41 c), and are  also  used  in  Fig.  1. 
Fig.  1 shows that as the light-time fraction is decreased the curve as a 
whole is moved toward lower  flash intensities, and that the maximum level 
to which it rises increases.  This is in agreement with the effects already 
obtained with lower animals, and in  the really  comparable earlier experi- 
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change, however, in the morphology of the lower branch of the duplex curve. 
It is noteworthy that certain curious minor details of the structure of the 
low ("rod") segment of the F-log I~ curve are persistently present, although 
they might well be taken at a first glance to be no more than the result of 
"experimental errors."  They have  no  correlation  with  the  use  of par- 
ticular filters for the control of intensity.  Their homologues appear also 
as shown in a subsequent paper (Crozier and Wolf, 1940-41 d) when "mono- 
chromatic" lights are used,--in certain cases in accentuated form; as shown 
in  our  studies of monocular and binocular excitation  (Crozier and Wolf, 
1940-41 c)  they are not peculiar to one observer.  They receive a  natural 
explanation in the analysis of the duplex contour given in Section IV. 
It should be stated here that in securing the data of Table I, as in other 
experiments conducted in the present program, the sets of readings for any 
given contour have been taken in overlapping groups on the F  coordinate, 
so that systematic shifts due to practice and (so far as possible) the effects 
of day-to-day fluctuations and changes have been guarded against.  The 
closeness of agreement in  duplicate F  measurements (Table  I)  taken on 
different occasions is a  guarantee of success in this respect; the only con- 
siderable differences occur in the region of the fiat "shoulder" of the bipartite 
curve, where they are clearly to be expected.  The order in which the five 
curves were obtained was tL  ~  0.50, 0.25, 0.75, 0.10, 0.90. 
In some careful work on the form of the F -  log I  curve it has been found 
(Hecht and Verrijp,  1933-34;  Hecht, Shlaer, and Smith,  1935;  Hecht and 
Smith, 1935-36; Ross, 1938) that at its upper end the curve bends over, so 
that F-log  I  is not monotonic.  We were at first inclined to believe that 
this represented a normal aspect of the flicker contour (Crozier, Wolf, and 
Zerrahn-Wolf, 1936-37 b), which might explain the nature of the declining 
"rod" curve in visually duplex animals; its susceptibility to the presence of 
a retinal "surround," and to the size of the field, would not have interfered 
with this view,--any more than in the analogous case of intensity discrimina- 
tion (cf.  Crozier, 1940 b).  But we have not been able to detect the existence 
of the bend even in  an animal with purely rod retina (cf.  Crozier, Wolf, 
and  Zerrahn-Wolf,  1936-37 a;  Crozier  and  Wolf,  1938-39 c,  1940-41  c); 
it is not present in any of the purely cone vertebrates we have tested, even 
when  the  curve is  favorably located on  the intensity  scale  (cf.  Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39; Crozier and Wolf, 1939-40 b, 1940-41 b); 
and a  more satisfactory explanation for the declining rod curve in duplex 
performance contours is now available (cf.  Crozier and Wolf, 1938-39 a, and 
Section V of the present paper).  We are required to believe that the drop 
which has been described for the upper end is not a  part of the essential TABLE  I 
Mean critical  intensities  (as log I,~, millilamberts)  for recognition  of flicker, as a function  of 
flash frequency F per second, with different proportions of light-time in the flash cycle; 10 obser- 
vations at each point; P.E.tll is for the dispersion  of the  10.  Monocular (left  eye),  W. J.  C. 
White li  ht.  Field 5  ° square,  centrally fixated. 
tL, per cent 
F  10  J  25  75  90 
log Ira  log P.EaI1  log [m  log P.E.tll  log Ira  log P.E.tll  log/'m  log P.E.IIt 
2  5.3016  7.8261  5.6970  7.9830  i. 3686  5.7423  3`.  6821  5.2880 
5.3358  7.8589  3`.  2918  6.7931 
3  5.4651  7.6996  5.7305  6.1535  3`.  4524  6.8695  3`.  7760  5.0780 
4  5.4761  6.3405  5.7880  6.1551  3`.5107  6.8018  i.8346  5.2907 
5  5.5276  7.8909  5.8502  6.3449  3`.  §931  6.9490  3`.  9183  5.3866 
6  5.6029  7.8508  5.9654  6.3680  4.6807  6.9947  3.0145  5.3780 
7  5.7008  6.0098  i.0290  6.5050  3..7464  5.1553  3.0842  5.4385 
8  5.7473  6.2487  3`. 1109  6.3319  3`  .7931  5.5770  3.1468  5.6642 
9  5.8721  6.0475  i.2~tO1  6.6583  3`.9024  5.2984  5.~t2M  5.6401 
10  5.9068  6.4283  4.2742  6.5700  3.0334  5.5520  3.8476  5.7938 
11  4.0219.  6.5327  3`.  3624  6.9571  3.0934  5.3908  3.4667  4.1744 
12  4.0931  6.5342  3`.  4462  6.7331  3.1729  5.5854  3.5386  5.9108 
13  i.18~5  5.1336  ~,.~09  5.1001  3.27a5  5.7004  5.6077  7L0136 
14  i.2467  ~.5752  3`.52§6  5.0648  5.3852  5.7331  5.7167  ~.1770 
15  i.3564  6.7862  3`.  7310  5.0991  3.4794  5.9490  3.7748  4.2426 
16  i.5111  6.9174  7t.8873  5.4038  5.6360  4.2114  5.~,52  4.2943 
17  4.6872  5.1553  3.0212  5.2548  5.7931  4.1866  ,~.1~5  ~,.5308 
18  71.8447  5.3556  5.2~35  5.5487  2.0017  ~,.4277  2.a~5  4.6807 
19  5.089~  5.4o63  5.~3  5.8573  '~.2~'t5  ~,.7437  ~.5936  ].0319 
3.4928  5.6609  ,~. 6711  ]. 0450 
20  3.'/679  7~.2963  2.1139  ~,.6774  i.0746  3.6284  i.4128  ~.8168 
5.4673  5.8924  '~.1099  7~.5385  i.0611  ~.4356 
~.laao  L5988 
22  2.2538  4.8174  '~ .6~5  3.1556  i.~27  L8381  i.7439  2.1413 
2.6079  4.9433 
25  2.4~  3.0475  ~.8~91  ].1617  i.6469  2.2475  0.0120  2.4696 
~.67~  ].5540 
28  2.7806  ].0574  i.1082  ].7486  i.8~91  2.2332  0.1749  2.4604 
30  2.8957  ].5180  $.2690  1,8215  0.0103  2.4511  0.3~06  2.8742 
i.2§~  ~.o4o8 
33  i. 12~  ~. 5914  i.4689  ]. 8132  0.2176  ~. 5342  O. 6084  2.9756 
35  1.~01  ].8132  i.61~0  ~.1374  0.3935  2.7479  0.6929  i.2278 
i.6221  ~, 1966 
38  $.4691  ].9978  i.62~  ~.3315  0.580~  i.0506  0.9362  1.4693 
40  i.8440  2.3208  i.9736  2,3199  0.8004  i.1263  1.1383  i.4541 
i.6~4~  ].8819  0.0124  2.4806 
43  i.9681  2.4087  0.3846  2.8403  1.0322  1.4153  1.3691  1.7661 
0.1464  ~.5864 
45  0.1~01  ~.8721  O. &t75  ~.8653  1.2667  i.7359  1.6063  0.1626 
0.6188  i.1028 
48  0.6166  i. 0327  0.6976  i. 5589  _  1.71~5  0.4631  2.0108  0.5916 
49  1.04M  i  .4153 
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50 
51 
52 
53 
54 
55 
56 
57 
59 
60 
log lm 
0.9559 
1.1183 
1.6831 
2.6797 
3.V815 
3.2350 
10 
log P.E.,I, 
i  . 6432 
i. 5038 
I 
0.4004 
!1.2100 
12.5973 
1.7118 
log lm 
1.2639 
1.234§ 
1.8273 
1.5167 
1.W33 
1.8649 
1.7388 
2.~92 
2.7540 
2.7~15 
tL, per cent 
25 
log P.Eall  log Im 
i .6383  9.0667 
i.5530 
i. 7581  2.9095 
0.2190  2.3922 
2.6460 
0.2190  3.1159 
0.5577 
0.3206 
0.6558 
1.3301 
1.6056 
1o8" P.E.II, 
0.4814 
O. 5262 
1.0440 
1.1825 
1.6918 
log Im 
2.3806 
2.5830 
9.8766 
3.3504 
90 
log P.E.*II 
0.9385 
1.2829 
1.4835 
1.9061 
3O 
I0 
--  _.~.__-.-----~ o.io 
/1o--025 
//~°.5°o.75 
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FIG. 1.  Log mean critical intensity of flash as a function of flash frequency, for five 
values of the light-time fraction tL/(tL +  tD).  Monocular (left eye, W. J. C.), white light, 
6.1  ° square centrally fixated; for tL =  0.50, measurements from Crozier and Wolf, 1940- 
41 c; data of the other four curves from Table I.  Curves drawn free-hand. 640  Tm~oRY  AND  MEASUREMENT  OF  VISUAL  MECHANISMS.  V 
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FIo. 2.  Im and P.E.lxl are in direct, rectilinear proportion, for each value of the light- 
time fraction; data in Table I.  For each value of the light-time fraction the intercept 
at log P.E.lz =  2.00 is indicated, and is essentially the same.  See text. W.  J. CROZIER  AND  ERNST  WOLF  641 
phenomenon, but represents either some kind of artifact or a complex effect 
of the use of flicker fusion  as an end-point,--at least within the range of 
intensity here involved. 
The readings of critical intensity were  taken in  sets of  10  at  each F. 
The averages of these 10 are entered in Table I, together with the P.E.'s 
for the dispersions.  At each value of tL/tv the relation between I~ and P.E.1 
is one of rectilinear proportionality, as proved by Fig. 2 : log I,, vs. log P.E.1 
gives a band with parallel edges and a slope of 1.  Using the full eye, or a 
sufficiently large retinal field, the characteristic form of this plot for various 
visually duplex animals exhibits a  distinct "break"  at  the intensity cor- 
responding to  the  complete suppression of  the  rod  effects  (cf.  Crozier, 
1935-36;  Crozier, Wolf, and Zerrahn-Wolf,  1936-37 a;  Crozier and Wolf, 
1940-41 c).  We cannot be certain of it as yet, but we may suspect that 
the size of field used in the present experiments, leading to a small rod group 
of effects, is responsible for the absence of discontinuity in the plots of Fig. 
2  (cf. also Crozier and Wolf, 1940-41  c, d). 
The  absolute  size  of  the  proportionality constant  (mean  P.E.#I~)is 
0.0340 +  0.005  (corresponding to an average precision of each mean I  of ca. 
1 per cent); this is a little less than the corresponding quantity for our de- 
terminations of AI (cf.  Crozier and Holway,  1939-40),  but does not differ 
significantly from the value already gotten from flicker experiments with 
the same observer using an entirely different type of apparatus and method 
for the adjustment of the critical intensity  (Crozier,  Wolf, and Zerrahn- 
Wolf, 1936-37 a); it is not really a smaller precision than that apparent in 
our flicker experiments with lower animals, because there the method of 
calculation of I~ is not the same. 
ILl 
For  such  sufficiently  different  animals  as  the  sunfish  Enneacanthus 
(Crozier, Wolf, and Zerrahn-Wolf, 1936-37 c), nymphs of the dragonflyAnax 
(Crozier, Wolf, and Zerrahn-Wolf, 1936-37  b; Crozier and Wolf, 1938-39 d), 
and  the  turtle  Pseudemys  (Crozier,  Wolf,  and  Zerrahn-Wolf,  1938-39; 
Crozier and Wolf, 1939-40 b) it has already been shown that changes of the 
light-time fraction in the flash cycle lead to modifications of a  consistent 
type in the F  -  log I  contours.  With increase of the tL proportion the curve 
is reduced in  ordinate extent and moved toward higher  flash intensities. 
The fundamental shape of the curve is not changed, however.  The rather 
widely separated rod and cone portions of the duplex contour for the sunfish 
are enlarged in about the same way, quantitatively, when tz./tD is reduced-- 
although these two segments are affected in different ways when the temper- 642  THEORY  AND  MEASUREMENT  O1~  VISUAL  MECHANISMS.  V 
ature is changed (despite the identity of their temperature characteristics for 
the extent of shift; Crozier, 1939; Crozier and Wolf, 1938-39 b).  With Anax 
the shape of the lower part of the F  -  log I  curve does change when trJtD 
is modified, but this is a secondary, mechanical consequence of the convexity 
of the optic surface (cf. Crozier, Wolf, and Zerrahn-Wolf, 1937-38 c; Crozier 
and Wolf, 1939 c). 
When tL/tD is  changed the F-log I  contour alters in such a way that 
Fm~. decreases while the abscissa of inflection (log/inn. =  r') increases as 
the  percentage light-time is  made greater.  The  spread  constant  Ctog x, 
computed for Fm~. =  100 per cent, does not change.  These are the three 
parameters  of  the  normal  probability  integral  which  describes  the  de- 
pendence of flash intensity upon flash frequency.  Empirically, Fig. and 
rr is each a rectilinear function of tL/(tL +  tD). 
For human flicker responses the qualitative situation is the same, for both 
foveal  and  extra-foveal  regions  (Ives,  1922; Pi6ron,  1928; Cobb,  1934; 
Bartley, 1937; Ross, 1938), provided one is really dealing with a light-dark 
cycle and  not  with  cyclic alternations  of  intensities of  illumination  (cf. 
Pi6ron,  1928, 1935; Crozier,  Wolf,  and  Zerrahn-Wolf,  1937-38 a).  For 
certain purposes it has been the practice (Pi6ron, 1928; Cobb, 1934; Ross, 
1938) to deal with the relations between fusion frequency and the light-time 
fraction  at  "constant  brightness."  Objection  to  this  procedure, which 
involves compensating for the light-time fraction by increasing the flash 
intensity on the basis of the Reciprocity law, is that it assumes that this 
rule really applies at the critical fusion frequency; in fact it does not.  When 
the  data  are  considered simply in terms of flash intensity, without this 
"adjustment,"  their  analysis  presents  no  difficulty  (Crozier,  Wolf,  and 
Zerrahn-Wolf, 1937-38 a, b; Crozier and Wolf, 1940-41 c). 
The theory proposed for the explanation of the dependence of the F- log I~ 
contour on the light-time fraction (Crozier, Wolf, and Zerrahn-Wolf, 1937- 
38 a)  considers that in a  given population of potentially excitable neural 
elements, giving a frequency distribution of dF/d log I, the size of the popu- 
lation is enlarged by increase of the percentage dark-time.  On this view 
the maximum value of F  should be  a  direct, rectilinear function of  the 
percentage dark-time; and also, the abscissa of inflection of the F-log I 
curve  should decline in the same way.  These phenomena are  observed 
(Crozier,  Wolf,  and  Zerrahn-Wolf,  1937-38a,  b;  Crozier  and  Wolf, 
1940-41 c).  In  relation to  the  probability integral form of the F-log I 
curve the reason for these findings may be visualized in terms of the pro- 
portionately greater chance of any given flash finding a particular element 
potentially excitable when the dark intervals are longer.  It is to be kept in W.  J.  CROZIER  AND  ERNST  WOL1  ~  643 
mind that the "elements" of this discussion are defined in terms of dF/d log I~ 
along  the  contour for  recognition of flicker.  They have  been  pictured 
as frequencies  of nerve impulses (Crozier, 1939).  If the basic excitabilities 
of the neural units producing these elements of excitability form a homo- 
geneous  population, the F -  log I curve should not suffer change in Fm~. or in 
shape when the temperature is altered, but r' should exhibit as a function 
of  temperature  the  properties of  the  mechanism governing excitability; 
these phenomena are also found (Crozier, 1939; Crozier and Wolf, 1940-41 c; 
and earlier papers).  It likewise follows from the statistical conception of 
the nature of the F -  log I  curve that when tL/tD is changed the shape con- 
stant r'lo, z with Fm~.  =  100  should  be independent of tz/tD,  as  found 
(Crozier, Wolf, and Zerrahn-Wolf,  1937-38 a,  b;  Crozier and Wolf,  1939- 
40 b). 
It will be shown presently that the rule obtains for the data on man, 
with a complication in the rod segment of the curve due to the peculiar and 
significant interplay of rod and cone effects.  Since the type of law is thus 
the same for dragonfly nymph, sunfish, turtle, and man the foundation for its 
generality must be  presumed due  to  a  common feature of organization, 
namely the  statistical  character  of the production of sensory effects re- 
sponsible for  the intensive discrimination involved in  the recognition of 
flicker. 
The increasing efficiency of briefer  flashes  (at  constant cycle time)  in 
forcing the reaction of flicker recognition cannot be quantitated by con- 
sidering the flash intensities (or the equivalent brilliances) at any fixed F, 
because  (Crozier,  Wolf,  and  Zerrahn-Wolf,  1937-38 a,  b)  this  function 
depends on the level of F selected.  It is necessary to have the full range of 
F-log  I  for various values of !~/tD before interpretation is possible; our 
present human data run much more nearly over the explorable range of 
t~/tD and of intensity than  have those  hitherto available.  It should  be 
pointed out, however, that the increased effectiveness of a  given intensity 
with prolongation of dark-time (cf. Cords, 1908)  can be pushed to a  con- 
siderably greater  value  by  employing electrical  excitation of the  retina, 
and thus using values of the duration of excitation smaller than the t~/tz) = 
1/9 to which we are limited in the present experiments; fusion frequencies 
as high as/=  98 to 172 have been obtained (Cords, 1908; Bouman, 1935). 
A dynamical parallel is of course provided by the increase of photosynthetic 
efficiency of flashing light when the light-dark ratio is decreased (of. War- 
burg,  1928;  Emerson  and  Arnold,  1931-32;  Arnold,  1935;  Pratt  and 
Trelease,  1938). 644  THEORY  AND  MEASUREMENT  O17 VISUAL  MECHANISMS.  V 
IV 
The analysis of the curves in Fig. 1 is made in the way followed in earlier 
communications  (cf.  Crozier  and  Wolf,  1940-41 c).  The  high  intensity 
segment of each of the curves in Fig. 1 is described by a normal probability 
integral.  These, together with the curve for tL/t D --  1, are shown in Fig. 3. 
Their extrapolations toward F  =  0 (Fig. 8) give the basis for the dissection 
of the rod contributions to the lower segments of the curves in Fig. 1. 
Recognizing that  there is  a  variable  uncertainty in  the adjustment of 
the lines on the probability grid, and that there is apparently a real temporal 
fluctuation in the parameters of the function, it is fair to conclude that the 
slopes of the five lines in Fig. 3 do not differ significantly.  Certainly they 
99.9 
tL=  0.10  0.25  0.b0  0.75  0.90 
99 
98 
95 
50 
40 
3O 
20  -- 
[  l  1  [  f  1  I  1  1  1 
loq I  m 
FIG. 3.  The upper segments of the data in Fig. 1 put on a normal probability grid; 
the five  lines displaced laterally for clearness.  See text. 
do not change systematically as a function of tL/tD.  It can be pointed out 
that  the  subsequently  determined properties  of  the  several  rod  curves 
(Section V) supply a significant check upon the propriety of the lines drawn 
in Fig. 3.  Hence the parameter ~'1o~ z is judged to be independent of the 
percentage  light-time. 
Fig.  2  demonstrates that  from the standpoint of the relation between 
I~, and P.E.lxl  the measurements of each series are not of course homo- 
geneous in  the sense that the band on the log-log plot is divisible arith- 
metically  into  two  zones with equal numbers of points  (cf.  Holway and 
Crozier, 1937;  Crozier and Holway, 1938,  1939-40);  since sets of readings 
were necessarily taken at different sittings, the population of P.E.'s is not 
homogeneous; hence a division of the log width of the scatter band into half 
gives equally populated zones.  The extent of the relative scatter of the 
variation index at any level of I~ is a function of tL/tD, but its mean value 
is not--as is readily seen in Fig. 2.  In correlation with the increased scatter W.  J.  CROZIER AND ERNST WOLZF  645 
of P-E-lzl  as  the  light-time  percentage  decreases,  we note  that  in  Fig.  3 
the  log/N-width  of  the  scatter  band  decreases steadily  as we pass from 
tL  =  0.1  to 0.9  (Table II).  We note also that  this is related  to the fact 
that  the total size of the  populations of excitable elements  (=  F .... )  de- 
clines in  just the  same way, so that  within  the  limits  of precision of the 
measurements  the  scatter  ratio  for P.Eazl  (arithmetic)  is directly propor- 
tional to F .....  A better way of showing this  (F  .... and tz/(tL  W to) being 
0.8--  1 
~i  0.6-- 
1.0  1.5  2.0 
lo  9 t~. 
FIG, 4. The ordinate breadth  x of the scatter band for log P.E.lz (from Fig. 2) is a 
declining rectilinear function of log (per cent light-time). 
TABLE II 
The values of the asymptotic Fmax. taken for the curves in Fig, 3; the corresponding values 
of the abscissa  of inflection (~), for different  light-time percentages; and, from  Fig. 2, the ordinate 
• height of the scatter-band for P.E.I on the log scale.  See text. 
t L  Fmax.  ~*  X log P.Ea 
per  cen~ 
10 
25 
50 
75 
9O 
IDer $$#. 
59.8 
58.3 
56.0 
55.65 
54.2 
2.98 
i.18 
1.49 
i.85 
0.12 
0.75 
0.63 
0.58 
0.48 
0.47 
in direct proportion--Fig.  7)  is to take the vertical breadth k  log P.E.I of 
the bands in Fig. 2 as a function of the fixed values of the percentage light- 
time.  Since,  as  Fig.  4  shows,  ~  log  P.E.1  is  rectilinearly  related  to  log 
[tx./(tr. -{- tD)],  the ratio of the upper to the lower limit of  relative scatter 
of  P.E.1  changes  at  the  same  proportionate  rate  as  does  the  percentage 
light-time. 
This  same  type  of  direct  correlation  between  the  latitude  of  scatter 
(Fig. 3) and the size of the total population0f potentially excitable elements 
is  systematically  exhibited  in  other  connections,--for  example,  in  the 
measurements of dark adaptation  (Crozier,  1940 a); in a  slightly different 
way it  is  shown  by the  comparison  of monocular  and  binocular  data  on 6O 
50~ 
]  i 
0  50 
Ioo ~/c~,  +  ~D) 
FIo. 5.  Fma=. as a  function of percentage light-time. 
nearity are not significant.) 
100 
(The departures  from recti]i- 
0.0  m 
J..o-- 
0  50  100 
I00  %  L/(~L+%D) 
FIG. 6.  The abscissa of inflection (¢') of the high intensity F-log I,~ curve is  directly 
proportional to the percentage light-time. 
5O 
•  I  I  I 
i.o  ~.~  o.o 
7" 
FIG.  7.  The relation  between  F~.  and the abscissa  of the  cone  inflection  ~'  (of. 
Figs. 5 and 6), for different light-time fractions. 
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intensity  discrimination  (Crozier  and  Holway,  1939-40)  and  on  flicker 
(Crozier and Wolf, 1940-41 c).  It has an important connection with the 
doctrine that the capacity to vary discriminative performance is organically 
determinate  (Crozier,  1936; 1935-36)  and governs the magnitude of the 
intensity threshold for discrimination. 
We have already indicated that the asymptotic level of Fro.. and the 
abscissa of inflection r' are expected (Table II) to be (reversed) rectilinear 
functions of the percentage light-time, and therefore themselves in direct 
proportion.  Figs.  5,  6,  and  7  show  that  these  expectations  are  satis- 
factorily met in the  data.  The  dependence of F==.,  and of r', on  the 
light-time percentage  differs  quantitatively  in  the  several  animal forms 
examined; for F==. vs.  t,.  the proportionality constant is  greater in the 
present observations than with Anax or turtle, much less than with the 
sunfish; as regards r', it is less than for any of these, all tested with white 
light (but is found to be even much lower when colored light is used--Crozier 
and Wolf, 1940-41 d). 
v 
The uncovering of the putative rod component of the duplex F--log I 
curves  (Fig.  1)  has  been  carried out  by  the  methods  earlier  described 
(Crozier, Wolf, and Zerrahn-Wolf, 1936-37 a; Crozier and Wolf, 1940-41 c), 
akeady used for various other vertebrates  (Crozier, Wolf, and Zerrahn- 
Wolf, 1937-38 a; Crozier and Wolf, 1938-39 a, 1940-41 d, etc.).  The slight 
irregularities in the form of the curves in the rod region are individual and 
persistent; they are also found in our work with colored lights; the raw data 
do not conform to any simple function (e.g., Hecht, 1937); when a simplex 
visual population of neural effects  can be examined it provides a  simple 
normal  probability  integral  over  the  whole  range  (Crozier,  Wolf,  and 
Zerrahn-Wolf,  1938-39;  Crozier  and  Wolf,  1938-39c,  1940-41a,  b); 
the use of monochromatic beams in a flash cycle with large light-time ratio 
enables us to be sure that in the lower rod of the F-  log I curve the occurrence 
of subjective color must by classical criteria be presumed to imply the pres- 
ence of cone effects.  For these reasons the cone probability integrals have 
been extrapolated toward F  =  0, and the rod contributions then obtained 
by subtraction on the ordinates.  With some lower vertebrates the separa- 
tion of rod and cone branches on the log I  axis is so great that the discon- 
tinuity due to the entrance of cone effects is plainly apparent on the F -  log I 
graph  (Crozier,  Wolf,  and  Zerrahn-Wolf,  1937-38 a).  With  man,  frog 
(Crozier and Wolf,  1939-40 a),  and newt  (Crozier and Wolf,  1939-40 b) 
the overlapping of the two cumulative populations is more extreme; the 648  THEORY  AND  MEASIFREMENT  O]~ VISUAL  MECHANISMS.  V 
analysis  by  this  method,  however,  produces  rod  curves  of  the  expected 
normal  form.  Their  properties  have  a  particular  importance  for  the 
criticism  of the  by now more  or less traditional  interpretation  of the  re- 
lationships between rod and cone effects; they have also an immediate sig- 
nificance for the statistical conception of the origin of the contours of visual 
performance.  It is to be noted that, at a given value of tL/tD(=  1), the low 
value of I  at F  =  2 obtained by the cone extrapolation  (Fig.  8) is of the 
same order of magnitude as that observed with forms such as a bird (Crozier 
and Wolf, 1940-41 b) and a turtle (Crozier, Wolf, and Zerrahn-Wolf,  1938- 
39)  which  have  exclusively cone  retinas. 
20-- 
/  / 
¢,,  ¢-~~..~  ~,,-  ,~,,. 
"I  " 
5  ~  ~  ~  ~  o 
FIa. 8. The probability integrals of Fig. 3 are extrapolated toward  F  =  0, and the 
form of the rod contribution to the F-log I  contour is then obtained by difference; see 
text. 
The extrapolations of the cone curves and the curves obtained by differ- 
ences between these and the lines put through the lower ranges of the data 
are shown in Fig.  8.  The results for tL/tD  =  1 as used in this discussion 
are taken from the preceding  paper  (Crozier  and  Wolf, 1940-41 c).  The 
difference curves,  as for  all  such  cases,  comprise  an  ascending  and  a  de- 
scending  branch.  We  originally  believed  (Crozier,  Wolf,  and  Zerrahn- 
Wolf,  1936-37 c)  that  the  declining branch  was to be taken  as similar  in 
nature to the declining upper end of the cone curve as obtained by Hecht and 
Verrijp  (1933-34), Hecht and Smith  (1935-36),  and Ross (1938).  We are 
now of the view that this cone decline is a complex artifact (of. Section II), 
however, and later evidence has led us to the opinion that the form of the 
declining  curve obtained for the rod contributions must be understood as w.  j.  CROZIER Am)  ERNST WOLI*  649 
the result of the progressive inhibition of rod effects as more and more cone 
elements are implicated (Crozier and Wolf, 1938-39 a).  The present data 
seem to  be  uniquely consistent with that position. 
Consider the form and the positions of the ascending rod curves (Fig.  8). 
These lines have been transferred to a  probability grid and are shown in 
Fig. 9.  For this purpose the coordinates of points on the ascending dotted 
curves of Fig. 8 have been read off and plotted on a large scale grid, repro- 
duced in Fig. 9.  The values of F  have been computed to the maxima indi- 
cated  in  Fig.  8.  It  is  apparent  that  the  slopes  of  the  five  rectilinear 
g8-- 
i -  _  //]'CK,  ,o, 
OO--H :'  i/ " 
,o  k 
I  I  I  i 
1o  9  Im 
FIo.  9. The ascending and the descending branches of the (computed) rod curves of 
Fig.  8,  points  read from these  curves being here transferred  to a probability  grid. The 
central  curves,  for t~. =  0.50,  are taken from the preceding paper (Crozier  and Wolf, 
1940-~1  c). 
dispositions on the grid of Fig. 9 cannot be asserted to be different.  The 
values of Fm,~. are directly proportional to the percentage light-time (Fig. 
10),  but they imrease (not decrease, as with the cone curves, Fig. 5) as the 
light-time fraction increases.  On the other hand (Fig. 9), the slope of the 
d~clining  rod  curve decreases as  QIt  D is  made greater.  The  abscissa  of 
inflection of the rod curve declines with decrease of tried (Fig. 11), but not 
with the same proportionality factor as for the cone curves; for the rods 
this  factor  is  smaller.  With  Emu~acanthus  (sunfish)  we  found  that  the 
non-overlapping rod and cone populations showed the same degree of de- 
pendence  of  7'  on  tz./tD (Crozier,  Wolf,  and  Zerrahn-Wolf,  1937-38 b),. 
but there is no reason to suppose that this condition need prevail generally. 
The meaning of Fig. 9 is that the human basic rod population of effects is 650  THEORY  AND  MEASUREMENT  OF  VISUAL  MECHANISMS.  V 
under  the  present  conditions less responsive  to  changes in tL/tD  than  the 
cone, and that the measured contribution which it makes is at each value of 
the light-time  fraction the result of its intrinsic  properties plus  the effects 
of inhibition by the population of cone effects which it overlaps on the in- 
tensity scale.  The declining branch of the rod curve is of decreasing slope 
as tL/tD increases for precisely the same reason that the rod F=~. is found 
to increase,  namely that  the  fundamental  rod population,  particularly  its 
r', is less sensitive to the tz./tv ratio  and thus the inflection points for the 
I 
L 
0  50  .1.00 
3.0 
0  50  IOO 
too ~L/(*L+ t~)  lO0 ~L/(~j + ~D) 
FIG. 10  FIG. 11 
FIG. 10.  F~.  for the (computed) rod curves of Figs. 8 and 9,  as a  function of per- 
centage light-time. 
FIG. 11.  r' for the (computed) rod curves given in Figs. 8 and 9, as  a  function  of 
percentage light-time; below, for the ascending curves; above, for the descending curves 
two  populations  are  moved  farther  apart  by increase  of  tL/tD,  and  the 
inhibition is less effective. 
The  actual magnitudes  of the  rod F ....  are  thus to be regarded  as the 
outcome of the  actions of several distinct  factors:  (a)  the  separation  be- 
tween rod and  cone abscissae of inflection is not great enough to prevent 
the  cone population  from  completely underlying  the  rod group  of effects 
at all points, in view of the low slope of the cone curve;  (b)  the cone r' is 
more sensitive to the effect of the light-time fraction than that for the rods; 
and  (c) the cone effects can partially inhibit the rod contribution. 
The fact that the rising rod curves have the same ~'lo, I is merely a  sign W.  J.  CROZIER  AND  ERNST  WOLF  65i 
that the same population of units is engaged in the production of elements 
of effect despite the inhibitory action of the other group of elements, while 
the progressively slower decay of the rod contribution as tr./tv is increased, 
beyond the maximum, is a consequence of the relatively greater movement 
of the cone population toward higher intensities,--the kind of result already 
detected in our  cross-bred  teleosts  (Crozier  and  Wolf,  1938-39 a).  It is 
noted that the declining branch of the rod curve also shows a r' rectilinearly 
proportional to the light-time fraction.  By comparison with the results of 
our earlier experiment (Crozier, Wolf, and Zerrahn-Wolf,  1936-37 a) using 
a  larger test area  (tL  =  0.50)  with the same observer,  atjo, I for both the 
ascending and the descending rod curves is here found to be less, although 
the Fm~. is about the  same.  This result is clearly not inconsistent with 
the notion of competitive relations between the cone and rod elements with 
respect to flicker recognition, since in the conditions of the earlier experiment 
the  rod  r'  was  much  smaller. 
We conceive that it is difficult to construct a scheme of interpretation for 
these properties of the rod contribution to the duplex flicker contour other 
than that we have proposed.  Its basic general feature is the conception of 
moment-to-moment fluctuation  in  the  effective  capacity  of  neural  units 
involved to contribute elements of effect to the determination of the end- 
point  response.  When  these  effective  contributions  are  reduced  by  the 
competitive action of another group of elements the essential parameter of 
the population, namely the standard deviation of its frequency distribution, 
is still invariant--just as when temperature or the light-time ratio is altered. 
With another organism, or with a test area differently located on the retina, 
or through the use of lights with different wave-length compositions, further 
aspects of these relations can be explored. 
The question naturally  arises as  to whether the general type of "inter- 
action" between cone and rod effects revealed by the present analysis can 
be detected in the data for other sorts  of visual performance.  The recog- 
nition of flicker is but one of various possible indices of intensive discrimina- 
tion (Crozier, 1935-36), but certainly it is not necessary to suppose that the 
same types of interaction  should appear  in all.  The question cannot be 
fully discussed without possession of a wider range of homogeneous data with 
respect, for example, to the r61e of retinal area.  Indications already exist, 
however, that neural integrations of the sort appealed to are involved in the 
data of ordinary intensity discrimination (of. Crozier and Holway, 1938-39 b, 
1939-40),  for  example. 
A  clue  as  to  why in  the  case  of  flicker discrimination the  interactive 
influence is irreciprocal-~cone effects inhibiting rod effects but not the reverse 652  T]IEORY  AND  MIEASIYI~EM'ENT  OF VISUAL  MECHANISMS.  V 
--may well be given by the subjective character of the flicker end-points. 
On the fusion  side of the F-  log I  contour, as one ascends the F  scale, the 
following order of impressions is obtained:  at low flash intensities the field is 
a smooth, faintly bluish gray; at higher intensities it assumes a  "speckled" 
appearance, with few or many tiny points of yellowish light; the field then 
becomes "granular," the speckling dots becoming more numerous and at still 
higher intensities running in groups which produce a "frosted" appearance; 
with further increase of F  the field becomes smooth.  It happens that with 
the most commonly used conditions for flicker, namely with tr. =  iv, and at 
least with central retinal fields of moderate size (white light), the transition 
to the smooth whitish impression at critical fusion coincides pretty well with 
the kink in the F  -  log I curve (i.e., at ca. F  -- 20 in Fig. 1), and that at about 
this level there also occurs transition from a flicker end-point mainly in the 
periphery of the illuminated field to one "finer" and definitely at the fixation 
center.  Similar  conditions  have  been  observed  with  "monochromatic" 
fields, and have been said to be correlated with the occurrence of the color 
threshold near or just below the vicinity of the bend in the F  -  log I  curve 
(cf.  Hecht  and  Shlaer,  1935-36). 
It would be easy to point to these correlations as indicating a sharp separa- 
tion of rod and cone functions on the two branches of the curve.  But the 
introduction of the light-time fraction as a  variable shows that this is im- 
possible.  Our  detailed records of the appearance of the end-point fields 
show that in the data of Fig.  1 the level of clear occurrence of the foveal 
type of end-point is at F  =  35 for lr. =  0.10, 21 for 0.25, 20 for 0.50, 19 for 
0.75,  16 for 0.90.  When the respective flash intensities are considered, the 
obvious correlation is with the mean intensity flux, which for these values 
of F  ranges only from anti-log 3.90  to  2.18,  although apparently drifting 
slightly  as  tL  increases.  This  shows  that  no  real  correspondence exists 
between the position of the "break" in the F  -  log I  contour and the indica- 
tions of other criteria concerning the differentiation of rod and cone effects. 
Foveal end-points can appear (tL =  0.90) a log unit and one half below the 
bend, or (tL =  0.10)  as much as a  log unit above it.  When colored fields 
are  used  (Crozier and  Wolf,  1940-41  c)  the  discrepancies are even more 
impressive. 
But these subjective data are thoroughly consistent with the view that a 
real competitive integration of rod and cone effects occurs in the recognition 
of flicker, and that the focal attention of the observer determines that the 
effects of foveal vision predominate.  This is consistent with the conception 
of a central, rather than of a peripheral, location of the forces governing the 
discrimination.  A number of other and quite different considerations point W.  J.  CROZIER AND  ERNST WOLF  653 
to  the  same conclusion (cf.  Bartley,  1938).  It implies no necessity that 
other modes of intensive discrimination will necessarily follow exactly the 
same rule of competitive inhibition. 
vI 
SUMMARY 
The relation between flash duration and mean critical intensity (white 
light) for threshold recognition of visual flicker, as a function of flash fre- 
quency, was investigated by means of measurements at five values of the 
light-time fraction: 0.10, 0.25, 0.50, 0.75, 0.90, with flash frequencies of the 
interrupted beam ranging from 2 to 60 per second.  A square area, 6.1 X 6.1 °, 
centrally fixated, was viewed monocularly; the discriminometer used pro- 
vides automatically an artificial pupil 1.8 ram. in diameter.  Except for the 
slight day-to-day fluctuation in the magnitudes of the parameters, the data 
for the observer used are shown to form an essentially homogeneous group. 
As for other animals tested, the F  -- log I= curve is enlarged and moved 
toward lower flash intensities as the light-time fraction is decreased.  The 
high intensity segments of the duplex curves are fitted by normal prob- 
ability integrals for which Fm~. and the abscissa of inflection are rectilinear 
functions of tL/(tz +  to), with opposite slopes.  The third parameter, a'lo, x, 
is invariant. 
The low intensity segments are composites, their shapes determined by 
the summation of the lower part of the high intensity curve with an over- 
lapping low intensity population of effects.  Both the Hsing  and the de- 
clining branches of this latter  assemblage suffer  competitive partial  sup- 
pression  by  the  effects  in  the  high  intensity  population.  The  detailed 
analysis shows that these results are consistent with the theory of the central, 
rather than peripheral, location of the dynamically recognizable elements 
in the determination of flicker. 
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